Observations were made of genetic variability of reproductive allocation in a population of the cotton stainer bug Dysdercus fasciatus. In addition, genetic correlations between reproductive allocation and maternal size and between performances of reproductive allocation in two moisture environments were investigated. Groups of siblings were grown in either a low or a high moisture environment. Heritability estimates were approximately 1.0 in the low environment and 0.7 in the high environment. There was a tight and positive genetic association between reproductive allocation and maternal size in both environments. Some 50 per cent of the phenotypic variance in reproductive allocation across environments was due to genotype-by-environment interactions. The correlation between performances in low and high environments was less than unity, and environmental sensitivity and mean performance were negatively associated. These results indicate that the population sampled would respond to directional selection, with mean peformance and phenotypic plasticity of reproductive allocation moving in opposite directions.
Introduction
Studies of reproductive allocation (defined as the ratio of clutch weight to total maternal weight) have increased over the past two decades. Williams (1966) suggested that the ratio of clutch size to maternal size could be used as an index of reproductive effort. Since that time, important advances have been established; for instance, that the ratio of clutch to maternal size and other similar measures are potentially misleading when used as indices of reproductive effort (Hirshfield & Tinkle, 1975; Tinkle & Hadley, 1975; Vitt & Congdon, 1978; Hart & Begon, 1982; Thompson, 1982; de Souza Santos & Begon, 1987) . Other research has emphasized that egg production sometimes involves risks over and above the simple diversion of resources. During periods of egg production, the size of the gonads increases by as much as 50 per cent in fishes (Gerking, 1959) and lizards (Tinide, 1969) and 35 per cent in salamanders (Tiley, 1968) . Reproducing individuals may, then, be more vulnerable to predation or less efficient at food capture because of the increased weight and bulk of their reproductive organs (e.g. Vitt & Congdon, 1978; Bauwens & Theon, 1981; Vitt, 1981 , Magnusson eta!., 1985 Shine,1980 Shine, , 1988 These and many other studies attempt to correlate phenotypic characteristics surrounding reproductive allocation with probable selective agents (e.g. amount of reproductive allocation with foraging or predator evasion tactics). Shine (1988, p.17) conjectured that the reproductive allocation s...favored by natural selection may depend on the degree to which the gravid female will be physically burdened by the clutch. ' However, there are no studies to demonstrate that the allocation of maternal reproductive effort in species studied thus far has a genetic basis. For any adaptation to evolve by natural selection there must be heritable variation for the character in question. Therefore, a first step in understanding how a particular adaptation will evolve under changing environmental conditions is to establish the levels of additive genetic variation for the characters involved.
As a part of an investigation into genetic variation and fitness (Kasule, 1991) , observations were made of adult size and clutch size in the cotton stainer bug Dys-dercus fasciatus Signoret. The data gathered also allowed for the examination of reproductive allocation in this species. The objectives of the present study were threefold: (1) to determine the amount of reproductive allocation in two moisture environments, (2) to provide an estimate of genetic variation for reproductive allocation in the two environments, and (3) to investigate if reproductive allocation is genetically associated with maternal size in D. fasciatus. Genetic correlation between characters may explain the maintenance of additive genetic variance in populations (Lande, 1982; Rose, 1982; Charlesworth, 1984) .
Materials and methods

Experimental design
The D. fasciatus used here were second-generation progeny of parents collected in the field, and were the same as those used in a previous study (Kasule, 1991) .
The experiment used a mating design in which two unrelated virgin females (dams) were mated to one male (sire) to generate both full-sib and half-sib families (Robertson, 1959; Falconer, 1981) , and involved the growth of groups of sibling larvae in either a stressful or a benign moisture environment (henceforth, low and high environments, respectively). This procedure allowed genetic variance of reproductive allocation in response to environment to be evaluated. Moisture was used as an environmental variable in this experiment because it seemed that it may be an important factor affecting life-history components, and ultimately fitness in Dysdercus species. Dysdercus species are seed predators of Malvales (Pearson, 1958) . Both larvae and adults feed by injecting saliva into the seed and sucking the partially-digested soup. Very dry conditions in the field have been associated with migration of Dysdercus species from areas where seeds were still plentiful (Whitfield, 1933 , Pearson, 1958 . The detailed rearing methodology and materials are given inKasule(1991).
To investigate reproductive allocation (RA), daughters of each male were weighed individually to 0.1 mg within 24 h of adult emergence to obtain their weights at adult eclosion (daughters had a mean eggto-adult developmental period of about 34 days in the low environment and 32 days in the high environment). Each daughter was then confined with a male in a cage containing kapok (Ceiba petandra L.) seeds, and returned to the environment in which she had grown to lay eggs (6-9 days after adult emergence). The wet weight of eggs laid in the first clutch by each of these females was scored and maternal weight (MW) was approximated as MW= weight at adult eclosion + weight of eggs in first clutch.
Reproductive allocation was calculated as RA= Clutch weight/MW or its logarithmic transformation log RA= log clutch weight -log MW (1) (2) In all, 26 sires were successfully mated to 52 dams. The resulting families yielded 312 test daughters, i.e. six per full-sib family, in each environment.
Statistical analysis
Reproductive allocation was examined using a nested model II analysis of variance (covariance) (Sokal & Rohlf, 1981) to determine the components of variance (covariance) for comparisons between sires, within sires between dams, and within families (Robertson, 1959; Falconer, 1981) . A balanced dataset was used in the analyses (see Kasule, 1991) . The assumptions underlying the analysis of variance (AN0VA) include homoscedasticity of variances and normally distributed residual variation (Sokal & Rohif, 1981) . Data were transformed to log10 to guard against violation of these assumptions (Sokal & Rohlf, 1981) .
The genetic model for the variance (covariance) of character 1', assuming no epistasis (Falconer, 1981) is:
where V, = phenotypic variance, VA= additive genetic variance, VD =dominance genetic variance, V( common environmental (maternal-effects) variance and VE residual environmental variance.
The intraclass coefficient of sires for the present design provides the best unbiased estimate of additive genetic variance or covariance (CO VA). The proportion due to VA (CO VA) was calculated as four times the variance (covariance) due to sires (') divided by the total phenotypic variance (covariance):
so that VA is the narrow-sense heritability (h2).
Estimates of heritabilities from small samples, such as the one studied here, offer, at best, only a qualitative picture. Approximate standard errors (Falconer, 1981) were attached to the heritability estimates to enable the reader to judge how much reliance to place on the results.
The intraclass coefficient of dams includes variances (covariances) due to additive gene effects, dominance, and maternal effects. Therefore, the difference between the sire and dam components gives an estimate of the non-additive genetic plus maternal-effects component of variance (VNA+M) or covariance
where Vd is the variance (covariance) due to dams.
The residual environmental component of variance by the z-transformatiofl (Sokal & Rohlf, 1981) .
Standard errors for the other correlations were calculated as suggested by Falconer (1981) .
Genotype x environment interactions (g x e interactions) in a partially hierarchical two-way ANOVA, and genetic correlations between the same character across environments (below), were calculated as measurements of genetic variance of a character in response to environment. A significant g x e interaction signifies that genotypes are expressed differently in the two environments. Falconer (1952 Falconer ( , 1990 considers a character measured in two different environments in a genetic context as two different characters which are genetically correlated. Via (1984) gives several methods of calculating genetic correlations across environments, including the use of family means. This procedure estimates the broad-sense genetic correlation (including covariances between non-additive effects) but the estimate is deflated by the presence of the withinfamily (error) variance component in the denominator and may be inflated by the presence of an effect of the common family environment in the numerator. Nonetheless, because estimated variances of the family mean correlation tend to be smaller than those of the variance component correlation, the use of the family mean correlation should be a more powerful statistical (7) test of whether the genetic covariance is significantly greater than zero. In the absence of effects of the common family environment, as the family size increases, the family mean correlation approaches the (8) true genetic correlation (Via, 1984) . To apply Falconer's (1952) idea, full-sib family means of reproductive allocation and maternal size were calculated in low and high environments, and were used to determine the covariance of performance in the two environments (CO VHL). In addition, values were determined for the variance in the low environment (VL), the variance in the high environment (Va), the variance of means (VM), and the covariance of means and sensitivities (CO VMS) (Falconer, 1990) . Sensitivity refers to the difference in mean expression of a character in two environments, and is equivalent to the reaction norm (Falconer, 1990 ) of Schmalhaussen(1949 . (9) A value of TilL approaching 1 means that the character is influenced by nearly the same genes in the twp environments (there is no variation among families in sensitivity). A value of THL around zero means that phenotypes in each environment are influenced either by different alleles or differently by the same alleles (there is variation among families in sensitivity), and therefore could have independent evolutionary trajectories. A low value of rHL translates into significant g x e interaction (Falconer, 1990 There is also a significant effect of dams in both environments (Table 2 ).
Variance components appear in Observational components of variance (Table 3) show that there is a substantial dam component both in the low and high environments. This indicates that a portion of the variation in the size of daughters is due to maternal effects, which confounds dominance with the common environmental effects experienced by full sibs. This is especially true in the low environment where there is virtually no additive genetic component to phenotypic variability in log maternal size. The between-sires component provides, therefore, the better unbiased estimate of additive genetic variability in maternal size. The heritability of this character in the high environment is estimated as 0.58 0.243. Assuming dominance to be small, the effects of a shared larval environment are estimated to explain 0.877 and 0.151 of the phenotypic variance in maternal size in low and high environments, respectively. Residual environmental effects contribute 0 and 27 per cent to the phenotypic variance in maternal size in low and high environments, respectively.
Covariance components
Reproductive allocation and maternal size should be positively associated to some degree due to part-whole correlation (Sokal & Rohlf, 1981) , because maternal size was scored as eclosion weight plus clutch weight. A summary of the results is given in Table 4 . As expected, There is a significant and positive genetic association between reproductive allocation and maternal size in both environments. An estimate of covariance components (Table 4) indicates that roughly 60 and 90 per cent of the phenotypic association of reproductive allocation with maternal size in low and high environments, respectively, is of an additive genetic nature. In the low environment, the heritability of maternal size is 1.07 times its standard error (Table 3) . Given the nonsignificant heritable variation in maternal size, the genetic correlation in the low environment (Table 4) is of little significance; for instance, it would not be expected to produce a constraint on selection or indirect response. Non-additive genetic or maternal effects explain some 40 and 10 per cent of the total phenotypic covariance of reproductive allocation with maternal size in the low and high environments, respectively. There is no residual environmental component to reproductive allocation-maternal size phenotypic covariability in the population sampled.
Genetic variance in response to environment g x e interactions. Table 5 shows the results of a twoway ANOVA of reproductive allocation and maternal size. The sire-moisture interaction is not significant but the dam-moisture interaction is, which indicates g x e interaction for both characters. The importance of the g x e interaction is readily seen in Table 6 which shows that additive and non-additive interactions together comprise some 50 per cent of the overall genetic variance in reproductive allocation and maternal size. The non-additive component is the larger of the two components of g X e interaction variance in both characters consistent with the significant interaction between full-sib families and moisture (Table 5 ).
The heritabiities (as VA) of reproductive allocation and maternal size are also shown in Table 6 , estimated from the combined two-way ANOVA. They are generally lower than those given earlier (Tables 2 and 3 ) for these characters due to genetic variation taken up by g x e interaction, but estimate what would occur in a population in a heterogeneous environment. These findings indicate that high heritabilities measured in the laboratory under one set of environmental conditions may Table 6 Causal variance components for reproductive allocation (RA) and maternal size (MW) in Dysdercus fasciatus siblings raised in two moisture environments. Genetic correlations between the same character across environments. A summary of the results is given in Table 7 which shows variances for reproductive allocation and maternal size in low and high environments, the variance of means and correlations between performances in the two environments and between mean and sensitivity. The correlation coefficient for family means in the two environments (rilL) was significantly less than unity for reproductive allocation (t -24.16, P0.001) and maternal size (t= -24.61, P'0.001).
Hence the significant interaction between full-sib families and moisture (Table 5 ) is due to variation among the families in environmental sensitivity.
The correlation between sensitivity and mean performance is negative because the variance is greater in the low than in the high environment (Table  7) . The association between sensitivity and mean performance may be due to a scale effect, however, even if data are transformed to a scale that equalizes the variances in the different environments (Falconer, 1990) . As a measure of the amount of genotypic variation ascribable to real sensitivity, (1 r5) was calculated for each character: the values were 0.67 and 0.89 for reproductive allocation and maternal size, respectively.
Discussion
Reproductive allocation in Dysdercus fasciatus
A reproducing D. fasciatus female had, on average, 0.37 times the mass of her body in resources to allocate to a clutch (Table 1) . Moisture had a profound effect on reproductive allocation in these bugs, probably via its effects on the efficiency of converting assimilated material into biomass (Martin & van't Hoff, 1988) .
Individuals grown in the low environment were 23 per cent lighter than their siblings grown in the high environment, and large females had a greater quantity of resources to allocate, irrespective of the environment (Table 4 ).
The proportionality constant describing the relationship between maternal size and reproductive allocation was (albeit not significantly) greater for siblings raised in the low rather than in the high environment (Table 4) . As siblings in the low environment were lighter than those in the high environment (Table 1) , this finding supports the hypothesis that smaller females have a relatively large proportion of resources available for reproduction (Reiss, 1985) . A similar pattern of allocation is known from other insects (e.g. Liewellyn & Brown, 1985; de Souza Santos & Begon, 1987) .
There are no comparable published data on reproductive allocation in insects. However, studies com- 
Genetics of reproductive allocation
Despite sample size problems this study has demonstrated significant genetic variation for reproductive allocation in the population sampled. The genetic architecture of reproductive allocation varied between environments. Both additive genetic and residual environment effects were important in the phenotypic expression of reproductive allocation in the high environment. However, for siblings grown in the low environment additive genetic variance opened up so that the genetic architecture became almost entirely additive genetic (Table 2) .
There was a virtual absence of a non-additive genetic or maternal-effects contribution to the phenotypic variance of reproductive allocation (Table 2) . One interpretation of this result is that variation in reproductive output per unit of body mass among daughters is likely to be more dependent upon the way resources are allocated between survival and reproduction than upon variation in the effects of a shared larval environment. Hence, maternal effects via, for instance, egg quality are not likely to affect reproductive allocation.
The relative magnitudes of the components of phenotypic variance in log maternal size also differed between environments but maternal size appeared to follow a different pattern with respect to the degree of genetic influence. Substantial additive genetic variance remained segregating for maternal size only in the high environment; in a low environment, maternal size was a character for which the genetic architecture become almost entirely non-additive genetic or conditioned almost entirely by maternal effects (Table 3) . Substantial non-additive genetic and/or maternal effects and low heritabilities were also reported in this population for adult size and fecundity scored in the low environment (Kasule, 1991) . Two features of these results make them of particular interest. First, the heritable components of reproductive allocation and maternal size are strongly modified by the rearing environment. Because selection can be effective only in proportion to the amount of genetic variation present (Fisher, 1930) , this finding may explain the maintenance of genetic variance for populations in heterogeneous enviromnents. The maintenance of genetic variation in quantitative characters, especially those associated with fitness, is a central issue of evolutionary biology (e.g. Lande, 1975; Rose, 1982; Charlesworth, 1984 , Turelli, 1984 Keightley & Hill, 1988) . The data in Tables 2 and 3 imply that the population sampled has the potential for condition-dependent evolution, with the response to selection being a function of the conditions of the environment. This suggestion is very strongly upheld by the g x e interactions data (Table 6 ) and genetic correlation between the same character in different environments (Table 7) Murphy et al. (1983) have discussed how this sort of balancing selection may operate. g x e interactions and genetic correlations between the same character across environments also have bearing on the general phenomenon of phenotypic plasticity (Schemer & Goodnight, 1984; Via & Lande, 1985 Schlichting, 1986) . Phenotypic plasticity has been widely implicated as an important element in the catenary process of adaptation to environmental instabilities (Wright, 1931; Schmalhausen, 1949; Bradshaw, 1965; Capinera, 1979; Crump, 1981; Kaplan & Cooper, 1984; Schlichting, 1986) . The substantial g X e interadtion variance that remains (Table 6 ) and the genetic correlations between the same character across environments, which are significantly less than one (Table 7) , demonstrated that there is high plasticity for reproductive allocation and maternal size, and genotypic difference in phenetic responses of these characters in the population studied. Bradshaw (1965) suggested that evolution could lead to either a greater or less amount of plasticity. This study indicates that the population sampled could respond to directional selection with mean performance and plasticity (sensitivity) moving in opposite directions ( Table 7) .
The second interesting feature of the results is that there is abundant genetic variability for reproductive allocation, variation that could respond to selection (Table 2) . What maintains this variance? The data presented in Table 4 suggest that the quantity of resources that a female allocates to reproduction evolved in close relation to the size of her body. If genotypic expression of maternal size is environment-dependent in the way this study has shown it to be, genetic variation would be expected in reproductive allocation as a result of a correlated response to variable selection pressures on maternal size.
